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C APPLICATION OF THE HIGH-FREQUENCY ELECTRICAL CONDUCTIVITY METHOD

FOR THE STUDY OF ADSORPTION PROPERTIES OF IRRADIATEL PROTEINS
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V. K. Tkach, L, A. Frenkel

A. H. Gor'kii State University, Xharlkov,
Institute of Medical Radiology, Khar'kov

Analysis of the numerous data published in the literature with
respect to the action of ionizing radiation on different biochemical
systems indicates that disturbances which arise in protein structures
play a rather significant role in radiation injury. From this stand-
point, the development of sufficiently sensitive physico-chemical and
biophysical methods, which will make it possible to detect the earli-
est and least perceptible physico-chemical disturbances in proteins,
must be regarded as one of the most important tasks of radiobiology.

The problem in regard to the investigation of the adsorption
properties of protein molecules as a means of characterizing their
possible structural modifications has attracted the attention of re-
search workers for a long time. Various methods were applied in this
type of investigation [1-6), A very promising way of investigating
the reactivity of proteins proved to be the study of electrical cha-
racteristics of protein systems [7-10], particularly with the utiliz-
ation of the electrical conductivity method. It is worthwhile to notethat the methods in question cannot be applied readily because of a
number of technical difficultiesi it can be seen from the literature

that they have not been utilized to a sufficient extent even within
the limits of their applicability,

We have developed original procedures for the Lvestigation
of the adsojTption Iharacteristics of protein solutions, The method
devised by,.4i makes it possible to es-.imate the adsorptive properties
of proteins by determining the temperature coefficients of the high-
frequency electrical conductivity of their solutions, ,on the research,
which had been" carried out and described, the most exten1t
method for the inestigation of proteins in a wide frequency range
(with the predominant utilization of low frequencies) was the bridge
method, by means of which the electrical conductivity of a solution
being investigated was" compared with a standard conductivity, In add-
ition to differences in the desigii of the equipment, the high-frequ-
ency electrical conductivity method developed by us differs from the

" methods referred to abova by the fact that it is based on an invest..
gation of the non-stationary cooling of the solution being investiga-,
ted Eli].
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A specific characteristic of this method is its great --ensit-
ivity to concentration shifts in the solutions subjected to investila-
tion (the sensitivity of the !tethod is so great that concentrations of
the order of 0.0005 N are measured). rurthermore, because of its char-
acteristics, the method makes it possible to investigate reaction pro-
perties of proteins in the range of very low electrolyte concentrations
and also precludes interaction of protein molecules with the e'iectrcdes.
This is of great importance because, as has been point~ed out by I.Klotz
(123, the unavailability of means to bring about these conditions cc-
miltS in technical difficulties in the investigation of the interrela-
tionships between proteins and different ions and thus restricts the
applica1tion of methods available for this purpose. In addition to these
advantages, the method in question is distinguished by its relative sim-
plicity and the speed with which determinations can be carried out by
means of it, so that it is of great interest both from~ the standpoint
of application in the investigation of the geneval problem of the mol-
ecular structure of proteins and that of its use in the study of poss-
ible structural modifications arising as a result of the action of ion-
izing radiation.

The principle of -the method is as follows (a theoretical basis
for the relationships outlined below is g~iven in ref. [11))' The ad-
sorption characteristics of proteins predetermine the different degree
of binding by them of various small. ions (inorganic, hydroxyl, hydrogen,
etc.). An electric field applied frcm the outside orients the polar
molecules in a protein solution and displaces the ions, If the motion
of -the ions takes place in an alternating field of high frequency (7 x
106 cycles),, the large protein molecules can~not follow changes in the
field because of their relatively great mass and high inertia. There-
fore, the magnitude of the electrAIcal conductivity in this case will

~ be determined solely by the presence of the small ions which surround
the protein molecules and interact with them. On the other hand, the

* adsorption characterisitics of the protein molecules (which are manifest-
ed either in the freeing or binding of different ions by them) can be
characterized on the basis of changes exhibited by the electric conduc-

* tivity of the solution, because this conductivity depends on the con-
centration of the free ions which remain in the solution, Thus, if as
a result of some action exerted on it the protein in the solution un-
dergoes changes which are accompanied by an increase of its adsorption
activityg the concentration of free ions in the solution decreases, and
the values of high-frequency electrical conductivity drops to a corra-

14 sponding extent from their original levels In the case that dissocia-
tion or desorption takes place, the concentration of free ions In the

* solution increases and the high-frequency electrical conductivity rises.
At a definite degree of stability of molecular structures, the concen-
tration of small ions in solution does not change-in time (within 1-2

* - its) or changes to only an ineignificant extent# The corresponding
values of the high-frequency electrical conductivity also remain un-
changed in times In cases like this use was made of relative measure.
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ments of the high-frequency electrical conductivity, as an indi.% of the
mugflitude of which the temperature coefficients of the high-frequency
electrical conductivity (TCHO) were employed. Determination of these

JW coefricients made it possible to carry out measurements in a relative-
ly simple arid speedy minnner, and also with sufficient precision, with-
out reserting to a determination of the absolute values of high-frequ-
ency electrical conductivities.

AI

The apparatus for measuring the TCHE of protein solutions con-
* sisted of a generator assembled around a 6Zh3P tube which had quartz

stabilizaion (7 mepacycles) and a stabili.ed feedback (electronic
stabilization).

'S The circuit diagram of the equipment is given in Fig. 1, where
C, and C2 are calibrated standard capacitors by means of which the os-

*. ellating current was tuned to the working frequency (7 megacycles).
S The capacitance C served as an e ectrical vernier which made it poss-

ible to measure off changes in capacitance with a precision of 0,001 if.
The fact that generation took place was established by means of a con-
trol milliampere-meter included into the anode circuit of the generator.
A measurement capacitor containing the solution was connected to the
terminals of the circuit. A capacitor of t his type, in which the con-Scentration of the ionic background of the solution changes, modifies

* the resonance frequency of the circuit, which is tuned to the required

f I wokigfrqencyparathe oapmacuigt C H 2o cryi souttins o-
: iptiod oanemut kow assevle aofn t h3 pitane which has beenrcon

nected to the circuit. This value can be established in a rather simple
manner* It is known that if the resonance frequency of an oscillatory,
circuit is stabilized with quartz placed between the cathode and the
grid of the tube, the oscillatory current k in the circuit and the con-
stant component of the anode current 1a of the generator tube will cha-
ng with changes in the capacitance of the circuit as shown in Fig. 2,.

TGteneration takes place only in the section AB of capacitance changes.
If the capacitance of the circuit is changed near the ends of this sec-
tion, i.., in the vicinity of point A, ose can find the capacitance
Value which corresponds to the maximum change in the anode current of
the tube (as established by means of the milliampere-meter). it Is ob-
vious that connection e aparallel to the circuit of some other capaci-

tance changes the founa capacitance value which is requiredfor either
stopping or starting heneration. rhe difference between the two capa-
citances required to start or stop generation must give the value of
the equivalent c opacitance being investigated*

circut c on the c ase considered by us In this instance,, th generator

circuwith washned by means of the cample resistance frmed by a
test tube containing the solution under investigation, The latter
the circuit. A change in the value of this capacitance altered the
coance fresarded as atn euvaents c apacitancte which s cqionete o

* resoance frequenc of st crret, enesiation oft iv the soluin of

1. 16h qiaetcpctac en netgtd
J _n__censdrdy__n hsintne tegeeao
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Fig. 1. Diagram of circuit for measuring temperature
coefficients of the high-frequency electric conduct-
ivity of protein solutions.
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thi daily variation of tenperature in which did not exceod 0.20. The
capacit6r cell containing the solution wds heated by means of a heat-
ing sleeve to 370, The tcmnperature of the solution was measured by
means of a thermister sealed into a pyrex glass vial with a wall hick-

OF ness of 0.1 mme This vial was filled with polystyrene.

Method Applied in the Investigation.
!A

To carry out experimental measurements, an aqueous protein
solution with a definite ionic background was placed into a capacitor
cell having the form of i fucad quartz test tube with metal coatings
on the outer surface of its wall. The test tube was connected to the
terminals of the generator. Determinations of the high-frequency el-
ectric conductivity were carried out 15, 45, and 90 minutes after th
solution had been diluted. They were made in the temperature range C.
34-370 with readings taken at every 0.50 . The values of high-tempera-
ture electric conductivity obtained at different temperatures (35-36o)
could be represented in the form of their interrelationship as the
TCHE and calculated graphically.

To determine the number of ions bound under the conditions in
question by one molecule of protein, a standare graph representing the
relation between the TCHE values and the conceitration for the substance
under consideration was first constructed. Fran the known concentration
of the reacting molecules, the number of ions bound by tha protein cotld
be calculated% If the molecular weight of the protein was known, ads-
orption could then be expressed in moles of bound ion per mole of pro-
tein,

The results of an experiment of this ype are shown in Fig. 3.
In this typical case, the interaction between cupric ions and the al-
bumin of human plasma was investigated. All standard graphs of this
kind should be constructed on the same scale. To the tangent of the
angle of inclination of the straight line Qf such graphs (tg a corre-
sponded a value equal to the ratio of TCHE values expressed in arbitr-
ary units accepted by us to values of the concentration of the electro-
lyte in question. For instance, in the case of the CuC12 solution,
te a was equal to 425 x 1030 In calculating *he magnitude of adsorp-
tion, this value of tg a was used,

The investigation of the binding of copper iois by the protein
* was conducted in the following manner. To 0.4 ml. of a 1% aqueous hu-

man plasma albumin solution, which had been dialyzed for 1.5 hours and
which had a TCHE value equal to zero (as has been pointed out above,
protein to which no ions had been added and which contained no impur-

. oities did not exhibit a hiqh-frequency electric conductivity under the
conditions applied by us), 0.2 ml. of an 0.1 N solution of CuC12 were
added, To establish the opdimum P1 value of The solution (4.2), 2.2
ale of an C102 N acetate buffer solution were added. The amount of

1s
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ri7,. 3. Standard graph expressing the relation between
concentration and the temperature coefficients of high-
frequency electrical conductivity for a CuCl2 solution.

On the axis of abcissae, the concentration (C) is plotted
in units of normal concentration; on the axis of ordinates,
TCHE values (B) are plotted for a CuC12 solution in
arbitrary units.
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ri8 . 4. Changes in the adsorption activity of protein
with respect to a CuC2 2 solution as a result of the
action of y-radiation.
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i-t'otein was d,teiminned by We_-hselb-um's variant of the biuret mcthod

[13) jud the Pli potonticmetrically on an Orion potentiometer with a

glass electrod,., The total volune of the solution was brought to 0,5

ml. by 1ilutlon with twice-distilled water, To the control uolution

a corresponding quantity of twice-distilltsd water (0,4) 
was added in-

stead of the protein. As can be seen in Fig. 4., the quantity of free

coppe. ions was much lower in the solution containing 
protein thdr, in

the ccntroi solution (because the TCIHE value of the Luff r was 
the

Isame for the experimental solution containing protein as for the con-
trol solution, we neglected this value and did not consider 

it in the

subsequent calculations),

The lowering of the TCHE value obtained for the protein solu-

tion indicated that the adsorption which took place was of the 
molecul-

ar type, because otherwise there would have been a sharp increase 
in

the alectric conductivity due to replacement of CI" ions with the more

mobile hydrogen ions. Consequently the number of Cu
+ + ions A bound to

protein molecules could be calculated 
from the equation

Au (B] - B2) • M (1)

i' tga

where B1 is the TCHE of the control solution, B2 the TCHE of the 
solu-

tion containing protein, M the molecular weight of the 
protein being

investigated (in this particular case the molecular weight of 
the pro-

tein was determined by the moncmolecular layer method [14) and 
found

to be equal to 70,000), tg a a value determined from the 
standard pgra~h

for the electrolyte being investigated (in this 
case, tg a = 425 x 10

for CuC1 2 - cf, Fig. 3), and m the quantity of protein 
contained in I

liter of the solution and calculated according to 
the formula

¥

m alOC- ' (2)

where C is the concentration of protein in the initial 
solution, Y the

volume of the protein being investigated, and Y 1 the total volume of

the solution. In this manner, the number of Cu 
+ ions bound to one

mole of human plais albumin at PH a 4.2 was found 
to be equal to appr-

oximately 20:
700 . 70,000

a 7 .... ......0- 20 ions/mole,
5.6 - '425 - 103

which is in agreement with data Riven in the literatut'-e (15, 16).

The action of ionizir radiation on the protein changes consi-

derably its behavior towards co-per. Irradiation with y-rays (Co
n )

applied in doses of 16,000 and 28,000 r was carried 
out on a GUT-400

*Istallation with a dose rate of S.6 x 103 r/min at 
room temperature.
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As can be seen from rig. 4, the high-frequency electrical con-
luctivity of the protein solution decreased considerably within 5 min-

utcs after the beginning of irradiation, which indicates that the ad-
sorption activity of the protein increased. Furthermore, whereas in the
case of the lower dose it ..dS fourd that

" 1000 * 70,000
A = 1000 0 29 ions/mole (at B2 = 1500 arbitrary units),

5,6 - 425 - 1.03

the adsorption was much more protnounced after irradiation with the high-
er dose:

1300 * 70,000
5,6 4 . - 38 ions/mole

Taking into consideration that the molecular weight of the pro-
tein remained unchanged after irradiation (according to data obtained by
the monomolecular layer method), one may assume that the deterioration
of the protein molecules in solution under the effect of the y-radiation
doses applied by us consisted in changes of the structure of the protein
globules, which were accompanied by the opening of hydrogen bonds that
blocked reactive groups of the molecule.

Thus, changes in the capacity of protein to bind cupric ions
as a result of action exerted by y-radiation can be explained by an in-
creased accessibility to thesu ions of peptide nitrogen atons (51,
which are mainly responsible for the formation of protein-ccpper com-
plexes.

It would be advantageous, by making use of the selective adsorb-
dbility of some inorganic ions with reference to definite reactive groups
of the protein molecule, to apply the method described for the investi-
gation of the kinetics of adsorption of different ions by irradiated
oroteins. Investigations of this type will presumably contribute to
an understanding of the nature and mechanism of the damaging effect ex-
erted by ionizing radiation on proteins. The preliminary data obtained
indicate that research along this line must be regarded as promising.

Conclusions

i. A method thas been developed for the determination of the
temperature coefficients of high-frequency electrical conductivity, by
means of which subtle phsico-chemical changes in protein structures
can be dcte~tcd. By using the method in question, one can investigate

* the kinetics of .adsorption processes on proteins as affected by the
action of ionizing radiation.

i. In the work described, quantitative expressionsh~ been
derived for the adsorption of cupric ions by one protein mole of human
plasma albumin. It was established that natural protein and protein
irradiated with different doses of pradiation interacted differently
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with cupric ions, the results obtained indicating that ionizing rajia-
tion exerts a damaginp effect on protein macromolecules.
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